ABSTRACT: A series of cadmium carboxylate compounds in a sulfur-rich environment provided by the tris(2-tert-butylmercaptoimidazolyl)hydroborato ligand, namely, [Tm 
-O 2 CR) and the carboxylic acid RCO 2 H is facile on the NMR time scale, even at low temperature. Analysis of the rate of exchange as a function of concentration of RCO 2 H indicates that reaction occurs via an associative rather than dissociative pathway. In addition to carboxylate compounds, the thiocarboxylate derivative [Tm 
■ INTRODUCTION
The investigation of cadmium in sulfur-rich coordination environments is of relevance to areas as diverse as cadmiumsubstituted zinc enzymes 1 and cadmium chalcogenide nanocrystals. With regards to the latter, the surface functionalization of metal chalcogenide nanocrystals via ligand exchange 2 is of considerable importance to their use in applications such as optoelectronic devices and biological imaging. 3 Specifically, the coordination of ligands to nanocrystal surfaces has profound effects on their electronic properties including photoluminescence quantum yield, 4 thermal relaxation of excited carriers, 5 and trapping of electrical carriers. 6 Since carboxylic acids are commonly used as surfactants in the synthesis of cadmiumchalcogenide nanocrystals, 7 the nature of the interaction of the carboxyl group with the nanocrystal surface and the ability to undergo exchange reactions is of considerable importance. In this regard, recent studies concerned with CdSe quantum dots employing oleic acid as the surfactant have shown that (i) the capping ligands are oleate rather than oleic acid, and (ii) the oleate ligands undergo self-exchange with excess oleic acid. 7c The complexity of nanocrystal surfaces, however, has limited quantitative studies of ligand exchange kinetics. 8, 9 Therefore, to provide data of relevance to carboxylate exchange on nanocrystal surfaces, and also the lability of cadmium in sulfur-rich active sites of enzymes, we sought to investigate systems that are more amenable to mechanistic investigations, namely, those of small molecules that feature cadmium in a sulfur-rich environment. In addition, since thiocarboxylates are precursors to cadmium sulfide materials, 10, 11 we have also investigated a corresponding thiobenzoate derivative.
■ RESULTS AND DISCUSSION
Tris(2-mercaptoimidazolyl)hydroborato ligands, [Tm R ] (Figure 1) , 12−16 have recently emerged as a popular class of L 2 X 17 [S 3 ] donors that provide a sulfur-rich coordination environment. In this regard, we have previously used the t-butyl derivative [Tm Bu t ] to synthesize a variety of zinc, 18, 19 cadmium, 20, 21 and mercury 22 complexes to investigate aspects of the chemistry of these metals in biological systems, which ranges from the beneficial use of zinc in enzymes to mechanisms of mercury detoxification. An understanding of the kinetics and thermodynamics associated with ligand coordination and exchange involving these metal sites is paramount for fully understanding the chemistry of these systems. Likewise, recognizing that the [S 3 28−30 can be identified by the magnitude of the difference in M−O bond lengths (Δd) and M−O−C bond angles (Δθ), as summarized in Table 3 . Adopting this classification, the carboxylate coordination modes in [Tm (Table 4 ). As such, the cadmium centers of each of the [Tm ]Cd(O 2 CR) range from 0.10 (R = C 6 H 3 -2,6-F 2 ) to 0.45 (R = C 3 H 6 Ph), as summarized in Table 4 . In view of the fact that an idealized trigonal bipyramid has a τ 5 index of 1.00, while an idealized square pyramid has a τ 5 index of 0.00, it is evident that there is a transition from a square pyramidal geometry to a structure that is midway between these idealized geometries. Interestingly, the structural variation of the cadmium center is linked to the bidenticity of the carboxylate ligand, as illustrated by the correlation between the τ 5 index and Δd (Figure 11 ), although it should be noted that there is some scatter in the data. Thus, the transition from a square pyramidal geometry towards a trigonal bipyramidal geometry is accompanied by a general increase in the asymmetry of the carboxylate ligand. Another noteworthy feature of the arylcarboxylate compounds pertains to the torsion angle between the aryl and carboxylate groups. Specifically, the torsion angle between these groups (Table 2) falls into two classes, i.e., those in which the two groups are close to coplanar (≤15°) and those in which they are closer to orthogonal (≥66°). As would be expected, these torsion angles are dictated by the presence of ortho substituents, such that the two compounds with largest torsion angles are [Tm Metal carboxylate ν(CO 2 ) asym and ν(CO 2 ) sym IR absorptions can be used, in principle, to differentiate between unidentate Figure 10 .
Inorganic Chemistry
As with carboxylate compounds, thiocarboxylate ligands can adopt a variety of coordination modes, including (i) unidentate and bidentate coordination to a single metal and (ii) several bridging modes. 36, 37 In this regard, with respect to coordination of the thiobenzoate ligand, the Cd···O interaction (2.982 Å) is substantially longer than the Cd−S bond (2.478 Å). 38 Thus, whereas the carboxylate ligands in [Tm (Table 3 ) employed in the classification of nitrate and carboxylate ligands as an upper limit for bidentate coordination of these O 2 donor ligands, 28 a Δd S−O value of 0.69 Å (i.e., 0.39 Å + 0.30 Å) may be established as an upper limit for bidentate thiocarboxylate coordination, in which the primary 44 as illustrated by a value of Δd S−O = 2.44 Å. 45 Cadmium exhibits a distribution that is narrower than observed for all metals (Figure 13) , and there is a shift from a preference for S-unidentate coordination for all metals towards S-anisobidentate coordination for cadmium: S-unidentate (11.5%), S-anisobidentate (54.1%), and bidentate (34.4%). A similar distribution is observed for cadmium thiobenzoate compounds, with S-anisobidentate (64.7%) being the most common ( Figure 14 46 Furthermore, only one metal thiocarboxylate, namely, the mercury 49, 50 it is evident that coordination of a metal to S would be preferred unless the X−O bond were to be more than 30 kcal mol −1 stronger than the corresponding X−S bond.
In support of this suggestion, it is pertinent to note that thiocarboxylic acids exist as a tautomeric mix of thiol and thioxo forms RC(O)SH and RC(S)OH, of which the former are the to the carboxyl groups in Figure 15 .
While this observation is of considerable significance because it demonstrates that carboxylate exchange is facile, it does not permit a detailed quantification of the exchange. Rather, it merely provides a lower estimate for the exchange rate because the exchange-averaged signal exhibits no line broadening and is in the fast-exchange region. 54 Specifically, since the chemical shift difference between pairs of ortho hydrogens in [Tm 55 Nevertheless, upon cooling, the rate of exchange slows down sufficiently that the exchange-averaged signal broadens (Figure 16 ). However, at the lowest temperature investigated, the rate is still sufficiently fast that decoalescence is not observed and that the exchange remains in the fast regime, with a single signal. Although rate data may be extracted from these spectra, the situation is complicated by the fact that the chemical shift of the exchange-averaged signal varies significantly as a function of temperature, ranging from 8.22 ppm at room temperature to 8. 46 (Figure 18 ), decoalescence into two distinct signals can be achieved at low temperature (Figure 19) . 59 Although the ability to observe spectra in both the fast-and slow-exchange regimes permits kinetics measurements via lineshape analysis over a large range of temperature ( Figure 19 and Table 7) , 60 the interpretation of the kinetics data is dependent on the exchange mechanism. In this regard, two simple mechanistic possibilities for the exchange process include (i) an associative pathway in which the carboxylic acid is intimately involved in the rate-determining step and (ii) a dissociative pathway in which the rate-determining step only involves [Tm Figure 20 and F ) is very facile is of relevance to the fact that cadmium carbonic anhydrase also exhibits a sulfur-rich coordination environment involving cysteine thiolate groups 75 and thus indicates that such an environment is consistent with catalytic turnover. 10.0324 (7) 11.0534 (7) 19.603 (3) 19.0524 (17) 10.6011 ( 150 (2) 150 (2) 150 (2) 130 (2) 150 (2) 150 (2) 150 (2) radiation ( As an illustration of the facility of ligand exchange, the pseudofirst-order rate constant for exchange of [Tm 77 Also of relevance to the present study, the kinetics of carboxylate exchange involving cadmium selenide nanocrystals has likewise been investigated. 7c In this regard, while the exchange between oleic acid and physisorbed oleic acid is rapid on the NMR time scale, exchange with the bound oleate is slow. Carboxylate ligands may coordinate to a metal center in manifold ways, which include unidentate and bidentate coordination to a single metal center and bridging to two or more metal centers. 30 Bridging coordination modes may be anticipated at the surface of carboxylate-terminated cadmium chalcogenide nanocrystals, which may be less susceptible to exchange.

■ CONCLUSIONS
In summary, the tris(2-tert-butylmercaptoimidazolyl)hydroborato ligand has been used to obtain a series of cadmium carboxylate compounds in a sulfur-rich environment, namely, [Tm , which serve as mimics for both cadmium-substituted zinc enzymes and also the surface atoms of cadmium chalcogenide crystals. The facility of ligand exchange processes in this coordination environment has been probed via exchange reactions with the corresponding carboxylic acid, RCO 2 H, which indicates that it is rapid on the NMR time scale, even at low temperature. Furthermore, the exchange reaction occurs via an associative rather than dissociative pathway. In addition to carboxylate compounds, the thiocarboxylate derivative [Tm ■ EXPERIMENTAL SECTION General Considerations. All manipulations were performed using a combination of glovebox, high-vacuum, and Schlenk techniques under a nitrogen atmosphere, 78 except where otherwise stated. Solvents were purified and degassed by standard procedures. NMR solvents were purchased from Cambridge Isotope Laboratories and stored over 3 Å molecular sieves. NMR spectra were measured on Bruker 300 DRX, Bruker 300 DPX, Bruker 400 Avance III, Bruker 400 Cyber-enabled Avance III, and Bruker 500 DMX spectrometers.
1 H NMR chemical shifts are reported in ppm relative to SiMe 4 (δ = 0) and were referenced internally with respect to the protio solvent impurity (δ = 7.16 for C 6 D 5 H, 2.08 for C 7 D 8 , and 7.26 for CHCl 3 . 79 13 C NMR spectra are reported in ppm relative to SiMe 4 (δ = 0) and were referenced internally with respect to the solvent (δ = 128.06 for C 6 D 6 and 77.16 for CDCl 3 ). 79 
19
F NMR spectra are reported in ppm relative to CFCl 3 (δ = 0) and were referenced internally with respect to a C 6 F 6 standard (δ = −164.9). X-ray Structure Determinations. X-ray diffraction data were collected on a Bruker Apex II diffractometer. Crystal data, data collection, and refinement parameters are summarized in Table 9 . The structures were solved using direct methods and standard difference map techniques, and they were refined by full-matrix least-squares procedures on F 2 with SHELXTL (Version 2008/4). (c) A solution of 4-methylbenzoic acid (1.402 g, 10.30 mmol) in toluene (ca. 5 mL) was stirred and treated slowly with Me 2 Cd (370 μL, 5.14 mmol), resulting in the immediate formation of a thick gummy precipitate. Pentane (ca. 20 mL) was added, and the mixture was stirred at room temperature for 30 min to convert the gummy precipitate into a more tractable powder. After this period, the precipitate was isolated by filtration using a frit, washed with pentane (2 × 10 mL), and dried in vacuo to yield Cd[O 2 C(C 6 H 4 -4-Me)] 2 as a white solid (1.886 g, 96% 
